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Intrahepatic and intracerebral metabolic responses to neonatal fasting or enteric carbohydrate alimentation were investigated among newborn dogs. Pups were either fasted or given an intravenous glucose infusion (alimented) before an enteric feeding of physiologic quantities of either glucose or galactose. These pups were also compared to another group which was completely starved throughout the study period. Gastrointestinal carbohydrate feeding resulted in enhanced hepatic glycogen content among pups after a prior state of fasting. Though there were no differences of glycogen content between glucose or galactose feeding in this previously fasted group, combined intravenous glucose and enteric galactose administration produced the greatest effect on hepatic glycogen synthesis. Intrahepatic fructose 1, 6- diphosphate and phosphoenolpyruvate levels were increased among previously fasted pups fed enteric monosaccharides compared to completely starved control pups, whereas intrahepatic phosphoenolpyruvate and pyruvate levels were elevated after combined intravenous and enteric carbohydrate administration. Of greater interest was the observation that hepatic levels of ATP were significantly elevated among all groups given exogenous carbohydrates compared to the completely starved control group. In contrast to the augmented hepatic glycogen and ATP levels, there were no alterations of cerebral glycogen or ATP after alirnentation. Nevertheless, cerebral pyruvate and/or phosphoenolpyruvate concentrations were elevated after enteric or combined intravenous and enteric alimentation compared to the totally starved control pups. newborn piglets, starvation was associated with a decreased b a d metabolism rate as evident by diminished rates of oxygen consumption (9) .
Past experience among human newborn infants has demonstrated that early alimentation prevents fasting hypoglycemia and improves neonatal survival (1, 6, 43) . Additionally, alimentation of newborn rats results in stable blood glucose concentrations and glucose production rates and also augments circulating alternate fuels levels (1 1, 12).
Rapid alterations of intrahepatic metabolic intermediates, cofactors, and regulatory enzymes are essential controlling events that permit the liver's transition from a glucose-producing organ during starvation to an organ capable of net carbohydrate uptake during alimentation (15, 33, 34, 38) . This change is essential for the control of blood glucose levels, and for the replenishment of hepatic glycogen stores. During carbohydrate alimentation pyruvate becomes the predominant source of acetyl-CoA for the tricarboxylic acid cycle and may result in enhanced ATP production. The transition from fasting hepatic intermediary metabolism to that of an alimented state has been well documented among adult mammals. As there are little in vivo data describing the regulation of intrahepatic metabolism among fasted neonates, or the response of the neonatal liver to subsequent alimentation, we investigated the effects of enteric carbohydrate administration on neonatal canine hepatic glycolytic intermediates and adenine nucleotides. In addition, the effects of exogenous carbohydrate provision on cerebral energy metabolism were also investigated. As glucose and galactose are the two monosaccharides relevant to ieonatal metabolism, potential differences in hepatic or cerebral Abbreviations metabolic regulation were also investigated after the enteric feed-ATP, adenosine triphosphate ing of either of these two carbohydrates to newborn pups. The Citr, citrate effects on glucose turnover, hormone levels, and glycogen metab-FDP, fructose-l,6-diphosphate olism are the subject of another report (22, 23) . F6P, fructose-6-phosphate G6P, glucose-6-phosphate MATERIALS AND METHODS P-creatine, phosphocreatine PEP, phosphoenolpyruvate Materials. Reagents and enzymes were analytical grade and Pyr, pyruvate purchased from commercial sources as reported in prior reports UDPG, uridinediphosphoglucose (26, 29) . Glucose (Mallinckrodt, St. Louis, MO) and galactose (Sigma, St. Louis, MO) were free of detectable contamination from galactose or glucose, respectively. Alkaline phosphatase for The ability of the mammalian newborn infant to maintain the galactose-1-phosphate assay was purchased from Sigma (St. adequate circulating levels of glucose and alternate fuels during Louis, MO). starvation is attenuated compared to older infants or adults (9, 13, Animals. Pregnant beagles with known delivery dates were fed 18, 37). Blood glucose concentrations may decline more rapidly a standard canine diet, and had their pups delivered at term by while alternate fuel provision may also be deficient as plasma free cesarean section as described previously. Pups were dried and kept fatty acid, glycerol or ketone body concentrations fail to rise warm in a heated, humidified incubator (26, 29) . Catheters were during neonatal fasting among mammals (9, 12, 13, 37) . In addithen placed into the umbilical artery and vein, and the pups were tion, very young rats may demonstrate enhanced tissue proteolysis returned to the incubator (23) . and survive complete nutritional deprivation for a much shorter Experimental design. The design has been described in detail in a previous report (22) . Briefly, glucose turnover was measured in all pups with a constant infusion of tracer quantities of [ 6 -3~] -glucose (22) . The pups were divided into three major groups after birth. The first group (n = 7) was completely fasted from birth until tissue sampling at 9 h of age. The pups in second group were infused with tracer quantities of labeled glucose as in group one, but also received an orogastric feeding of 0.625 g/kg of either glucose (n = 7) or galactose (n = 7) at 6 h of age. A third group received a constant intravenous infusion of substrate quantities of glucose at 59 pmole/(kg.min) in addition to the labeled tracer glucose (both commenced at 2 h of life). This group facilitated the investigations of enteric carbohydrate administration in a group of pups who were in a previous simulated fed state, rather than that of prior fasting. At 6 h of age pups from this previously "alimented" group received either a glucose (n = 6) or galactose (n = 8) feeding by orogastric tube. At 9 h of age tissue samples were obtained. Pups in all groups were sacrificed with a double guillotine designed to transect the cranium and abdomen, exposing cerebral cortex and liver. These tissues were immediately (< 5 sec) freeze-clamped with aluminum blocks cooled to the temperature of liquid nitrogen. Tissue was stored at --80°C before extraction and analyses.
ANALYSES
Circulating substrates. Blood glucose, lactate, and plasma free fatty acids were assayed in duplicate as reported previously (26) .
Tissue metabolites. Cerebral and hepatic tissue were stored at -80°C until they were processed as described before (24, 29) . Briefly, tissue was pulverized to a fine powder at the temperature of dry ice; extracted with 3 M perchloric acid and 10 mM EDTA; and then neutralized with KzC03. Glucose, UDPG, G6P, F6P, FDP, PEP, Pyr, lactate, citrate, ATP, ADP, AMP, and phosphocreatine were assayed fluorometrically in duplicate, as reported in previous investigations of canine neonatal hepatic and cerebral metabolism (24, 29) . Galactose-1-phosphate was determined in hepatic and cerebral tissue after acid extraction and neutralization as outlined in Bergmeyer (3) .
Cytoplasmic NAD/NADH ratio was calculated (29) from:
where KLDH = 11 1 X at pH 7.0. Energy charge was calculated from the equation (29) 
RESULTS

FASTING FOLLOWED BY ENTERIC ALIMENTATION
Circulating fuels (Table I) . Three hours after the gastrointestinal feeding of glucose, blood glucose concentrations had declined to ' P < 0.05 n = 6 (three glucose, three galactose fed). P < 0.001 the same level as that in the completely fasted pups (Table 1) . In contrast, blood glucose was still elevated among pups fed galactose, when compared with the completely fasted group. Blood lactate concentrations increased after enteric glucose administration and were significantly higher 3 h after the feeding (2.2 + 0.3) than at the onset of the study (1.7 f 0.2), (P < 0.05). In addition, blood lactate concentrations were also significantly higher in these pups than among completely starved pups at the time of sacrifice (Table 1 ). Blood lactate levels before galactose administration (1.7 + 0.2) did not increase after the feeding (1.9 + 0.3) as lactate levels at the conclusion of the study were equivalent to those among completely fasted pups (Table 1 ). Due to limited plasma available at the time of the free fatty acid analysis, the results for free fatty acids among the alimented pups were pooled. As expected, gastrointestinal carbohydrate feeding resulted in a marked reduction in free fatty acid levels.
Hepatic intermediates (Table 2 ) (Figs. 1 and 2). After either glucose or galactose administration, hepatic glycogen content became increased; however, there was no difference butween glycogen concentrations from pups fed glucose or galactose (Table  2) . At the time of tissue sampling hepatic glucose and lactate concentrations were equivalent among all groups investigated (Table 2) . UDPG concentrations were not affected after starvation or either hexose feeding (Fig. 1) . Although G-6-P concentrations appear lower after glucose or galactose administration, these results were not significant. Of more importance was the relationship between hepatic F6P and FDP (Fig. 1) . Intrahepatic F6P concentrations were not altered; however, FDP concentrations were elevated after either the glucose or galactose feeding. At the same time, PEP concentrations were also elevated among alimented pups. Although intrahepatic pyruvate values appeared increased, these changes were not significant. In addition, the calculated cytoplasmic NAD/NADH ratio was not different between these groups (758 f 11 1, fasted; 1108 f 204, glucose; and 820 + 198, galactose).
After enteric carbohydrate administration, intrahepatic ATP concentrations were significantly elevated (Fig. 2) . Although this elevation was more pronounced after galactose feeding, there were no differences in ATP concentrations between the alimented pups. Intrahepatic ADP and AMP concentrations were equivalent among all three groups. Although the hepatic energy charge appeared elevated in the fed groups, this did not achieve statistical significance.
Galactose-1-phosphate concentrations were determined in another series of pups investigated with an identical protocol. Intrahepatic galactose-1-phosphate was not different between pups fed glucose (n = 5) (0.070 + 0.019 pmole/g) or those given galactose (n = 6) (0.054 + 0.034).
Cerebral intermediates (Tables 3 and 4) . In contrast to the perturbations of hepatic glycogen, FDP, PEP, and ATP concentrations after enteric alimentation, there was no significant alterations within cerebral cortical tissue for these metabolites (Tables  3 and 4) . Nevertheless, enteric feeding resulted in an increase of UDPG and pyruvate concentrations. As was observed with hepatic tissue, there were no alterations of cerebral cortical galactose-lphosphate concentrations in pups fed glucose (n = 5) (0.062 + 0.006 mole/@ or those given galactose (n = 5) (0.063 f 0.009). mean + S.E., in pnole/g tissue wet weight. Definitions: UDPG, uridine-and Citr, citrate. *P < 0.05 and **P < 0.02.
AT P ADP AMP E n e r g y C h a r g e Fig. 2. Hepatic energy state after a fasting state. 0, completely starved pups, n = 7; a, glucose fed, n = 7; and M, galactose fed, n = 7. Values are mean + S.E. in prnole/g. *P < 0.05, and **P < 0.01.
COMBINED INTRAVENOUS AND ENTERIC ALIMENTATION
Circulating glucose and lactate (Table 5 ). Blood glucose concentrations at the beginning of the intravenous glucose infusion were equivalent to those of the completely fasted pups. After combined intravenous and enteric carbohydrate administration, blood glucose concentrations became elevated and were approximately three times higher than blood glucose levels amongfasted (Table 5) .
lactate concentrations were equivalent to levels among fasted pups at the start of the glucose infusion among glucose (1.5 k 0.2 mM) and galactose (1.8 + 0.2) fed pups. Combined intravenous and enteric carbohydrate administration resulted in significantly higher blood lactate levels at the conclusion of the study compared to fasted pups (Table 5) .
Hepatic intermediates (Table 6 ) (Figs. 3 and 4) . After enteric carbohydrate administration combined with intravenous glucose alimentation, hepatic glycogen content was significantly greater after enteric galactose administration compared to that after glucose feeding (P < 0.05). As expected, hepatic glucose concentrations were elevated in the alimented groups and there was no difference between pups fed glucose or galactose.
Though hepatic UDPG concentrations appeared lower after alimentation, these were not significantly different (Fig. 3) . In addition, alimentation among these groups had no effect on intrahepatic G6P, F6P or FDP concentrations (Fig. 3) . In contrast, after enteric and intravenous alimentation, hepatic levels of PEP and Py were increased significantly. Intrahepatic citrate concentrations were equivalent between fasted pups and those receiving intravenous and enteric glucose administration. In contrast, citrate -concentrations were unexpectedly lower among pups receiving intravenous glucose and gastrointestinal galactose alimentation (Fig. 3) .
After alimentation, intrahepatic ATP concentrations increased to values 25-30% higher than that among starved pups (Fig. 4) . The intrahepatic cytoplasmic redox state was similar among fasted (758 + Ill), glucose (980 +. 119), and galactose (1101 + 211) alimented pups.
Cerebral intermediates (Tables 7 and 8 ). In contrast to the large increase of hepatic glycogen content, enteric and intravenous alirnentation had no effect upon cerebral glycogen levels ( Table  7) . As expected, cerebral glucose concentrations were elevated after carbohydrate administration in a similar relationship to the elevation of blood and hepatic glucose concentrations. Cerebral UDPG levels were significantly higher after alimentation ( Table  7) . As observed within hepatic tissue of this group, cerebral cortical levels of PEP and Py were also elevated after carbohydrate administration.
Though the concentrations of the high energy phosphate compounds, phosphocreatine and ATP, appeared higher after alimentation, this was not statistically significant (Table 8) . ADP concentrations were equivalent between those given oral glucose and the fasted pups. Pups fed galactose had elevated cerebral ADP concentrations. Nevertheless, AMP levels, the cerebral energy charge, and the cytoplasmic redox state were unaltered after carbohydrate administration (Table 8) .
DISCUSSION
The mammalian newborn appears unable to maintain sufficient circulating substrate levels or to maintain normal rates of oxidative metabolism during prolonged starvation (9, 12, 13, 18, 37) . Compared to older subjects, newborn rats survive for a much shorter time if completely starved (14) . This has been attributed to diminished adipose tissue stores but may also reflect relatively increased ' UDPG, uridinediphosphoglucose; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; and PEP, phosphoenolpyruvate. P < 0.01. ' P < 0.01 P < 0.001 energy requirements as noted by higher rates of oxygen consumption observed among newborn mammals as compared with adults of the same species (7) . In contrast to the older animals, blood glucose concentration in the newborn rat declines more rapidly during fasting, whereas starvation from birth results in diminished circulating levels of glucose, glycerol, free fatty acids, ketones, and triglycerides (12) . Assuming that diminished circulating levels of these fuels revresent an attenuated provision of oxidizable substrates, oxygen consumption and subsequent energy production during neonatal fasting should be diminished. When measured w w among fasted newborn piglets oxygen consumption declines during starvation (9) . Similarly, human neonates have lower rates of oxygen consumption when they are fasted, compared to infants after the initiation of alimentation (4) .
Twenty-four hours of fasting during the first day of life among normal newborn dogs resulted in stable circulating levels of glucose, ketone bodies, alanine, and lactate (20, 25) . Steady state glucose production rates remained unchanged in these fasting newborn dogs from 3-24 h of age (20, 25) . Free fatty acid concentrations, palmitate turnover and oxygen consumption, however, declined by 24 h of neonatal canine fasting (Kliegman un~ublished data). As evident in the present investigation, the iniiiation of carbdhydrate alimentation had resulted inYsignificant alterations of circulating fuels, hepatic intermediates, and ATP concentrations when compared to completely starved control newborn dogs.
Hepatic metabolism. When carbohydrates are administered to previously fasted animals, the concentration of key regulatory hepatic intermediates may change rapidly. In our pups, the glycemic response after enteric carbohydrates persisted for 3 h. Although a delay of tissue sampling after carbohydrate administration may not depict the immediate intrahepatic metabolic events, significant alterations of hepatic intermediates and high energy phosphate compounds were observed 3 h after alimentation was given.
The effects of carbohydrate administration on hepatic glycogen metabolism was discussed in another report (22) . As reported in that part of the investigation, hepatic glycogen content was significantly enhanced 3 h after an enteric feeding of either carbohydrate. Hepatic canine glycogen content declined progressively during 24 h of neonatal fasting (29) . As fasted pups had lower hepatic glycogen levels at 9 h of age than at birth, the elevated glycogen content among alimented pups may represent a state of net glycogen synthesis rather than that of the sustained glycogenolysis observed among completely starved pups.
Hepatic concentrations of FDP were elevated after carbohydrate administration to pups who were in a prior fasting state. Similar observations have been reported in hepatic tissue from alimented adult rats, and within human ascites cells in tissue culture exposed to high glucose concentrations (8, 15) . These data would suggest that neonatal enteric carbohydrate alimentation after a period of starvation resulted in enhanced glycolytic activity through phosphofructokinase. Increased activity of phosphofructokinase would result in higher concentrations of this regulatory enzymes product, FDP (30, 40) . Alternatively, the lower levels of FDP observed among the completely starved pups may suggest that gluconeogenesis was more active among these starved newb o r n ;~~~. ~nlhanced activity of the gluconeogenic enzyme, fructose-di~hos~hatase. mav diminish its substrate's concentration . I ( F D P ) '~~ the net flow through this gluconeogenic pathway increases toward hepatic glucose production. Gluconeogenesis from lactate was observed after 9 h of neonatal canine starvation and contributed to approximately 10% of fasting systemic glucose production (20, 25) . Increased concentrations of hepatic FDP among fed pups suggest that gluconeogenesis may be diminished after hexose administration and/or that glycolytic activity may be enhanced at the level of the F6P, FDP regulatory cycle (40) .
Glucose and galactose feeding also increased intrahepatic concentrations of PEP. Similar observations had been reported after the addition of glucose to human tissue culture cells, whereas hepatic PEP concentrations declined during starvation among adult rats (15, 17) . Hepatic PEP concentrations may be determined Fig. 3 . Hepatic intermediates after combined intravenous and enteric feeding. 0, completely starved pups, n = 7; B, intravenous n = 6; and intravenous and enteric galactose, n = 8. Notations and abbreviations are as in Figure 1 . * P < 0.05 and **P < 0.01.
AT P
A DP A M P Energy Charge Fig. 4 . Hepatic energy state after combined alimentation. 0, completely starved pups, n = 7; B, intravenous and enteric glucose, n = 6; and W, intravenous glucose and enteric galactose, n = 8. **P < 0.01 and ***P < 0.001.
by substrate cycling through pyruvate and back again to PEP through oxaloacetic acid (3 1,32 ). The rate of this cycling increased during alimentation and may explain in part the enhanced concentrations of PEP (8, 31) . Control regulated at the level of the pyruvate kinase may also alter PEP concentrations (5) . Of the potential cofactors or allosteric regulators involved, enhanced intrahepatic levels of ATP may inhibit this enzyme's activity, which may result in the raised PEP concentrations observed in the fed pups (27) .
Fasting lowered adult and fetal murine hepatic pyruvate concentrations and this may be related to diminished net glycolysis or and enteric glucose, the requirement of pyruvate carbons for gluconeogenesis through the pathways involving phosphoenolpyruvate carboxykinase and pyruvate carboxylase (10, 15, 35, 42) . Carbohydrate refeeding of fasted adult rats resulted in enhanced hepatic pyruvate concentrations (41) . Regulation of glycolysis by augmented hepatic ATP concentrations observed during combined intravenous and enteric alimentation may inhibit pyruvate dehydrogenase activity and result in accumulation of pyruvate (39) .
The most significant observation, however, was the elevation of intrahepatic ATP levels, which were persistent 3 h after carbohydrate alimentation in all alimented groups. Fasting lowered adult and fetal murine hepatic ATP levels, whereas refeeding enhanced hepatic ATP concentrations among adults of this species (10, 15, 35, 41) . Whether the alimented associated increase of hepatic ATP levels was due to diminished utilization or enhanced production had not been determined. It may be possible that during fasting the neonatal liver was not provided with ample fuels to support hepatic oxidative metabolism, and subsequent ATP production. After alimentation the provision of an exogenous source of substrate may have corrected this deficit. The enhanced oxygen consumption after feeding among previously fasted newborn human infants may support the conclusion that ATP production may be diminished during fasting (4) . An alternate possibility is that hepatic ATP utilization had increased during starvation and resulted in lower levels of this high energy phosphate compound. Hepatic ATP concentrations were lower during gluconeogenesis associated with starvation among adult rats(l5, 35). As gluconeogenic activity was present among newborn dogs completely starved for 9 h, ATP may be utilized for this energy consuming process. Because neonatal canine oxygen consumption declines during starvation, the diminished hepatic concentrations of ATP suggest that hepatic energy production may have been attenuated. 
' U D P G , uridinediphosphoglucose; G 6 P , glucose-6-phosphate; F6P, fructose-6-phosphate; a n d PEP, phosphoenolpyruvate.
2 P < 0.01 
Cerebral metabolism. In contrast to the s i g n i f i c a n t enhancement of hepatic glycogen content and the elevations of hepatic ATP c o n c e n t r a t i o n s , cerebral glycogen and ATP levels were unaltered after carbohydrate administration. In previous investigations it was observed at 9 h of age that systemic glucose production among fasted pups varies between 20-40 pmole/(kg . min) (20, 22, 23, 25) .
As ketone body concentrations were v e r y low during this time period, neonatal canine cerebral energy metabolism may depend predominantly upon cerebral glucose oxidation (16) . The observation t h a t cerebral ATP and glycogen content were unperturbed after the administration of exogenous carbohydrates suggests that fasting rates of systemic glucose production were sufficient for the oxidative requirements of the newborn canine brain. In support of this conclusion cerebral cortical levels of ATP remained cons t a n t during 24 h of neonatal canine fasting and were equivalent t o t h e c o n c e n t r a t i o n s r e p o r t e d here among a l i m e n t e d pups (21, 24) .
In parallel to the elevated hepatic PEP and Pyr concentrations among pups receiving combined intravenous and enteric alimentation, cerebral cortical tissue also demonstrated elevated levels of these intermediates. There is a paucity of data that describes the effects of alimentation on cerebral cortical glycolytic intermediates among adults or neonates. It is known however that fetal and neonatal cerebral glucose uptake is related to circulating glucose levels (19, 28) . It was therefore possible that increased provision of glucose to the brain and subsequent enhanced cerebral glucose utilization and glycolysis had resulted in the intermediate alterations reported here. Similar regulatory controls on hepatic as well as cerebral pyruvate kinase and pyruvate dehydrogenase may be t h e mechanism responsible for these intermediate changes (2, 36) .
The alterations of intrahepatic intermediates and ATP concent r a t i o n s after either glucose or galactose administration suggested that hepatic energy production and glycogen synthesis had been enhanced. In contrast, cerebral glycogen and ATP concentrations were unaltered. Under t h e s e circumstances, cerebral high energy compounds were unaffected but enhanced glycolytic activity may have resulted in diversion of glucose derived carbons into pathways for tissue synthesis rather than for energy production.
